The energy for bile formation must be derived from intrahepatic processes rather than from the hydrostatic pressure of the blood (1). As Sperber has indicated (2), there is a variety of reasons for believing that the secretion of organic anions, and particularly of bile salts, may play a primary role in the production of bile. The bile salts are secreted by active transport (3), they constitute a substantial fraction of the total bile solutes, and are very effective choleretics in most species (4-6). Therefore, one of the objectives of the present studies was the exploration of the relationship between taurocholate secretion and the output of water and inorganic electrolytes in the bile.
(Submitted for publication December 12, 1961 ; accepted January 15, 1962) The energy for bile formation must be derived from intrahepatic processes rather than from the hydrostatic pressure of the blood (1) . As Sperber has indicated (2) , there is a variety of reasons for believing that the secretion of organic anions, and particularly of bile salts, may play a primary role in the production of bile. The bile salts are secreted by active transport (3), they constitute a substantial fraction of the total bile solutes, and are very effective choleretics in most species (4) (5) (6) . Therefore, one of the objectives of the present studies was the exploration of the relationship between taurocholate secretion and the output of water and inorganic electrolytes in the bile.
Previous studies (7) demonstrated the occurrence of marked spontaneous fluctuations in bile flow and composition in unanesthetized dogs even during constant infusions of sodium taurocholate. These fluctuations were thought to represent the addition of variable quantities of an alkaline fluid similar to that which is produced in abundance during secretin stimulation. These findings suggested the existence of transport mechanisms altogether independent of taurocholate secretion. In order to explore this possibility, a detailed examination of the effects of intravenous secretin was also included in the present work.
The spontaneous fluctuations in bile flow and composition, although significant in themselves, constituted a technical obstacle to the systematic study of the effects of varying rates of taurocholate secretion. It was therefore desirable to minimize these fluctuations. This was accomplished by ad-ministration of the cholinergic blocking agent, pipenzolate methylbromide, which was employed because of its reported effectiveness in blocking the response of the human pancreas to secretin (8) . Although the mechanism of action of this agent in relation to canine biliary secretion was not clear, it provided a useful empirical means of approaching a reproducible reference state at each of the rates of taurocholate secretion under study.
METHODS
All studies were conducted on four trained, unanesthetized, adult female mongrel dogs (weights, 20 to 25 kg), which had been prepared several months previously by splenectomy, cholecystectomy, and installation of a Thomas duodenal cannula (9) . Food and water were withheld for 15 hours prior to each study.
A commercial preparation of "sodium taurocholate," 1 in which bile salts accounted for approximately 75 per cent of the total solids (7), was used for intravenous infusion. A 6 per cent aqueous solution of this material was passed through a Seitz filter and then diluted with 5 per cent dextrose in water to a final concentration of 1.3 per cent, which was approximately isotonic. Taurocholate infusions were administered by means of a Bowman infusion pump through a small nylon catheter which had been introduced into a peripheral vein and advanced to the region of the superior or inferior vena cava.
Secretin 2 was diluted to 5 U per ml in normal saline and given intravenously at the rate of 2.5 U per minute for a total period of 20 minutes, except during the exploration of dose-response relationships (see Results, section B). Pipenzolate methylbromide 3 was diluted to 2.5 mg per ml in normal saline and administered intravenously at the rate of 0.1 mg per kg per 5 minutes for the first 60 minutes, thereafter at the rate of 0.1 mg per kg per 10 minutes.
All studies were conducted with the animal in the up- (Figure 2 ). The only consistent feature in all four dogs was the comparatively high chloride concentration noted at the very lowest rates of taurocholate excretion. The fundamental dependence of the excretion of chloride and bicarbonate upon taurocholate excretion is shown in Figure 1 . However, it is evident that the linearity of these relationships is not established. The calculation of chloride: taurocholate and bicarbonate: taurocholate ratios is therefore regarded for the present as an arbitrary approximation intended only to provide a rough indication of the number of chloride and bicarbonate ions obligated by each taurocholate ion excreted. In a single study on each dog in which taurocholate was infused at different rates within the same day (thereby eliminating day-to-day variations) all of the above results were confirmed. These data are presented in Table I and a typical study is illustrated in Figure 3 . attributable, at least in part, to the effects of endogenous secretin (7). The autonomic blocking agent, pipenzolate methylbromide, was therefore employed because it was reported to depress the response of the human pancreas to secretin (8) . Despite the fact that this rationale proved to be fallacious in reference to the canine biliary tract (see below), it was found that variations in bile flow during intravenous administration of the drug were substantially reduced and that bile flow tended to approach and remain at a level comparable to the lowest spontaneous flow observed in the same animal at the same taurocholate infusion rate. This is apparent in Table III Figure 4 (which illustrates one of two virtually identical experiments), the choleretic response to exogenous secretin was not altered by pipenzolate methylbromide. Moreover, in two other experiments it was evident that this agent did not block the release of endogenous secretin, since the usual choleretic response (7) was elicited by intraduodenal infusion of 0.05 N hydrochloric acid at 7 ml per minute.
Although this type of cholinergic blockade evidently does not inhibit the release or biliary action of endogenous secretin once hydrochloric acid has entered the duodenum, its effect could still be attrilbutable in part to depression of gastric hydrochloric acid production (12 the duodenum (measured by means of a glass electrode located in the duodenum just distal to the pylorus). One of these studies is illustrated in Figure 5 . In the other two dogs there were marked variations in duodenal pH and bile flow but the time relationship was not so obvious. Similar studies were carried out during pipenzolate methylbromide administration, and as already noted (Table III) Figure 6 , 292 mOsm per kg). In spite of the considerable scatter, it is evident from Figure 6 that bile tends to be slightly hypertonic during secretin administration and hypotonic during cholinergic blockade. This impression is underlined by those studies in which simultaneous collection of bile and plasma permitted calculation of bile: plasma osmolality ratios. The mean ratio during secretin administration was 1.10 (range, 1.08 to 1.10 in 7 determinations), whereas the mean ratio was 0.93 (range, 0.77 to 1.03 in 17 determinations) in dogs receiving pipenzolate methylbromide. Although the few observations do not warrant statistical analysis, it would appear from Figure 6 that the difference in osmolality between the two states is most pronounced at higher rates of taurocholate infusion. Thus, it is understandable that the relatively minor osmotic differences between bile and plasma have escaped detection heretofore. DISCUSSION A. Role of active bile salt secretion in bile production. The results of these studies, carried out on the fasting dog under cholinergic blockade, appear to justify the impression that secretion of bile salt anions not only plays a major role, but may be the most important single event in the initiation of bile formation. The output of water and the major inorganic ions was approximately proportional to the output of taurocholate as the latter was varied over a wide range. Extrapolation of this relationship (Figures 1 and 3) suggested that bile flows very close to zero could be anticipated in the absence of taurocholate excretion. The single exception was the data obtained in dog Gracie, in which extrapolation suggested a bile flow of approximately 0.1 ml per minute at "zero"y taurocholate excretion (see section D). Reliance on extrapolation is necessary because an actual state of "zero" taurocholate excretion is difficult to realize experimentally, owing to hepatic synthesis of bile salts, and because of the technical problem of collecting the viscous bile produced at low rates of flow (7) .
The present finding of increments in the output of water, chloride, and bicarbonate occurring in response to increments in taurocholate output is consistent with the view enunciated by Sperber (2) that the major driving force for bile production is provided by active transport of organic anions (principally bile salts) into the lumen of the biliary tract. It is, of course, not possible to state the actual conditions under which other constituents enter the lumen without measurement of electrical potential and concentration gradients in the appropriate regions of the biliary tract, but the introduction of a relatively nondiffusible anion necessarily creates gradients favorable for entry of water and diffusible solutes.
It could be argued, of course, that the entry of water and the various inorganic electrolytes involves a number of separate active processes, and that a high concentration of taurocholate in the bile simply facilitates these processes or creates a situation unfavorable for reabsorption (just as osmotic diuretic agents interfere with reabsorption of urinary constituents). The experiments reported here do not rule out this possibility. Indeed, in one of the dogs (Gracie; Figure 2 and Table I ) bicarbonate concentration in bile regularly exceeded levels normally found in plasma, suggesting that excessive quantities of this ion might have entered the bile by an active transport or exchange mechanism. This does not, however, alter the fact that bile salt secretion, under the present circumstances, is virtually a sine qua non for water and electrolyte excretion, and that the rate of taurocholate secretion is the principal determinant of the final quantity of water and the major electrolytes in the bile.
Since water transport per se does not appear to occur in biological systems (13) Taurocholate ions have strong associative properties and tend to form micelles at the levels of concentration encountered in bile (14, 15) . Thus, their osmotic activity is reduced, and the osmotic effectiveness of the bile salt as a whole is mainly attributable to the fact that the anionic micelles are accompanied by an equivalent concentration of cations. Consistent with this phenomenon is the observation that the sum of sodium, potassium, chloride, and bicarbonate concentrations is sufficient to account for the total osmotic activity in bile (7, 16) . Various bile salts may differ in their associative properties, and variations in choleretic potency may depend to some extent on these differences. In this connection Sperber (2) has suggested that the great choleretic potency of the synthetic "bile acid," dehydrocholate, may be attributable to its lack of associative properties in contrast to the natural conjugated bile acids. The same may be true of a number of synthetic organic acids (17) , some of which may have clinical application as choleretics (18) .
B. Modifications of bile composition independent of bile salt secretion. If the observations during cholinergic blockade are taken as "baseline" values for bile production at various rates of taurocholate excretion, it is apparent that the administration of secretin at a standard rate results in the additional output of a relatively constant quantity of inorganic electrolytes and water over the entire range of taurocholate excretion. The anatomical site at which this additional fluid enters the bile is unknown. Of interest in this connection is the description by Rous and McMaster (19) of the production of a clear alkaline solution by isolated canine bile ducts, which provides an indication of the inherent secretory capacity of the bile duct epithelium. However, the present evidence does not necessarily permit one to ascribe the effects of secretin to mechanisms located in the duct system, and further studies will be required to establish the site of action of this hormone.
The high bicarbonate content of the additional fluid excreted during secretin administration suggests a similarity to pancreatic juice, and may indicate that similar mechanisms are involved in the production of these two fluids. During maximal secretin stimulation the concentration of bicarbonate in bile, like that in pancreatic juice, is so much higher than the plasma bicarbonate concentration that one must suspect the existence of active bicarbonate secretion. A sequence consisting of bicarbonate elaboration followed by bicarbonatechloride exchange has been suggested by Dreiling and Janowitz (20) (Table II) with an expected osmolality of 400 mOsm per kg. Consistent with these calculations was the demonstration of hypertonicity by freezing point determinations in bile specimens obtained during secretin stimulation (Figure 6 ), in contrast to the isotonicity or hypotonicity of bile obtained in the absence of secretin. The observed hypertonicity suggests that secretin-induced electrolyte secretion is not followed by complete osmotic equilibration between the bile and the surrounding tissues.
Pipenzolate methylbromide does not appear to alter the effect of secretin on canine bile production. This would suggest that the mechanisms involved in the response of the canine biliary tract to secretin do not depend upon cholinergic innervation, and may differ in this respect from analogous mechanisms in the human pancreas. However, the possibility that cholinergic stimuli may play a role in bile production under either circumstance (21) has not been ruled out.
C. Spontaneous variations in bile flow and composition. The final composition and flow of bile must depend upon the combined activity of at least the two major mechanisms under discussion. Moreover, it is almost certain that many other factors, such as changes in hepatic perfusion, plasma composition, and neurogenic stimuli, must exert a modifying influence not apparent in the relatively steady states prevailing throughout the present studies.
The causes of spontaneous variations in bile flow have not actually been clarified by the present studies. The fact that pipenzolate methylbromide administration tends to produce a reduction and stabilization of bile flow is consistent with previous observations in which atropine was employed (22) , but it is not clear whether a direct action on cholinergic nerve endings in the biliary tract is involved. It was evident, at least in some of the present studies, that variations in bile flow were related to the movement of gastric hydrochloric acid into the duodenum, presumably through the mediation of endogenous secretin. To the extent that cholinergic blockade reduces gastric hydrochloric acid production, some of the effects of pipenzolate methylbromide might be explained on this basis. However, the relationship between duodenal pH and bile flow was not consistent in all animals. It is evident that variations in gastric acid secretion are not the only cause, nor even necessarily a very important cause, of variations in bile flow in the intact animal.
D. Individual and species differences. It has been noted earlier in the Discussion (section A) that one of the four dogs, Gracie, was regularly found to have a greater bile flow and higher bicarbonate concentration than the other dogs, and that a hypothetical flow of about 0.1 ml per minute at "zero" taurocholate excretion rate was predicted by extrapolation. These findings suggested a continuous secretion of inorganic electrolytes with a preponderance of bicarbonate of a degree which was seen in the other animals only during secretin stimulation. While it is possible that this dog elaborated endogenous secretin continuously throughout all of the studies, one must also consider the possibility that the transport of inorganic electrolytes into the biliary tract may have been, to some extent, independent of secretin stimulation.
If the differences between individual members of the same species are noteworthy, it is obvious that there are much more striking differences when other species are compared with the dog. It is well known, for example, that rodents produce copious quantities of bile, that the bile is composed mainly of an alkaline solution of inorganic electrolytes (6) , and that the choleretic response to taurocholate is far less than that in the dog (5). This might suggest that there is continuous secretion of large quantities of inorganic ions in rodents, similar to the phenomenon exhibited to a minor degree by dog Gracie. The extent to which the present findings in the dog may be extrapolated to other species, including man, will depend upon the results of future studies, but it is possible that impressive species differences may represent quantitative rather than qualitative dissimilarities in the fundamental mechanisms involved in bile production.
SUMMARY
Bile flow and electrolyte composition were studied in four unanesthetized cholecystectomized dogs equipped with Thomas cannulae.
The output of water and of the major electrolytes was approximately proportional to the excretion rate of taurocholate during cholinergic blockade. Extrapolation of this relationship suggests bile flows close to zero in the absence of taurocholate excretion.
During secretin administration there were consistent increments in bicarbonate, chloride, and water excretion at all rates of taurocholate excretion, when compared with the flow and composition of bile during cholinergic blockade.
The mechanism of action of cholinergic blockade in establishing a reproducible reference state remains unexplained, but it is suggested that depression of gastric hydrochloric acid secretion (and consequently of release of endogenous secretin) may be a factor in some instances.
Bile tends to be slightly hypertonic during secretin administration, and hypotonic during cholinergic blockade.
The data support the view that bile is formed by the combined activity of two major mechanisms: 1) active secretion of bile salts with passive movement of water and inorganic electrolytes into the lumen along the resulting electrochemical gradients; 2) independent elaboration of inorganic electrolytes and water, as exemplified by the increments in bicarbonate, chloride, and water ex-cretion during secretin administration. It is suggested that additional factors such as changes in hepatic perfusion, plasma composition, and neurogenic stimuli may also affect the final flow and composition of bile.
